Fluid-solid coupling seepage fields are ubiquitous in engineering practices. However, few investigations have been carried out on the rules of crack extension of solids under the effect of fluids. By using the RFPA2D (realistic failure process analysis in 2 dimensions), this research studied the influences of different lateral pressure coefficients on the extension direction and length of coal cracks. Also the result can be proved by fracture mechanics, stress intensity factor theory, and sliding crack theory. On this basis, aiming at a coal mine with the mining depth being over 700 m, the reliability of the above conclusion was further proved by testing the crustal stress at the positions with the buried depth varying from 750 m to 1,300 m. At the same time, in condition of meeting the water pressure required by the crack extension, permeability-increasing radius is selected preferably through AE energy index by simulation of hydraulic fracturing for coal seams under different lateral pressure coefficients, and the gas drainage achieves good effect in engineering practice.
Introduction
At present, engineering technologies have been popularized in various fields, such as the disposal of nuclear wastes, in situ stress measurement in petroleum exploration engineering, geothermal monitoring, environmental engineering, micromechanics, and military. Under such context, studies on cracks rapidly develop. According to the statistics, seepage technology has been indispensable in energy exploitation, environmental protection, medical technology, and largescale water conservancy and hydropower projects. The combination of seepage mechanics and rock and soil mechanics has been extensively applied in studies including coal bed methane (CBM) seepage, fluid-solid coupling in exploitation process of petroleum, and transportation. At present, there have been many studies on the crack extension. For instance, Shan et al. [1] found that cracks in fractured coal seams generally extend through the upper and lower interlayer of the coal seams in the production process of CBM, even exceeding four times the thickness of the fractured coal seams at maximum. The cracks are generally 50-70 m in length and mainly demonstrated as vertical cracks, along with the coexistence of vertical cracks and horizontal cracks. In addition, few vertical cracks are found in one side of fractured wells. Though cracks extend randomly, they are more likely to extend in one direction, indicating that crack extension is caused by the joint effect of crustal stress, local stratigraphic structure, and cleats in coal seams. To solve the low extraction efficiency of CBM caused by the random extension of hydraulic fractures in underground coal seams, Xia et al. [2] arranged pilot holes around fractured holes. Both the fractured holes and the pilot holes then extend to form oriented cracks by using water jet slotting technology. Under the effect of crustal stress, shear failure zones are formed at the tips of cracks, while cracks initiate from the tips under the effect of internal water pressure. By calculating the maximal principal stress of cracks generated by water jet slotting technology along the horizontal extension direction, it is obtained that cracks extend along the horizontal direction after initiating from the tips. Baiquan et al. [3] based their work on the method of combination of theoretical analysis and field tests. The permeability-increasing mechanism of network slotting boreholes was studied, and the permeabilityincreasing technology of network slotted boreholes crossing from floor was proposed. Shugang et al. [4] found the suitable hydraulic fracturing technology parameters for coal seams through the analysis of permeability-increasing mechanism. Chenye et al. [5] investigated the influence of initial fissure and ground stress on the crack initiation and expanding of hydraulic fracturing, obtaining the variation trend of initiation pressure and direction with the lateral pressure coefficient and initiation pressure and direction of the models without preset crack and with preset crack are comparatively analyzed. At the end, the effect theory of in situ stress and original defect to the hydraulic fracturing initiation is elaborated by stress analysis. Wei et al. [6] conclude that the floor area could be divided into initial stress region, pressure relieved and permeability enhanced region, and recompacted region. Also, the coal permeability enhancement was accompanied with its swelling; the mining-induced floor fracture became fracture gas channel connecting the protected coal seam to the protective working face. Zhang et al. [7] used linear elastic theory to present formulas of maximal tangential stress and critical load. Also, opening point, opening angle, maximal tangential stress, and critical load vary with aspect ratio and inclined angle.
This research paid attention to the influence of the joint effect of horizontal principal stress and vertical principle stress on crack extension. That is, the authors explored the influence rule of different lateral pressure coefficients on the extension direction of cracks in fluid-solid coupling by using theoretical analysis and numerical simulation, and the result of crustal stress measurement proves that the relationship between lateral pressure coefficients and extension direction of cracks is true. At the same time, the superior gas drainage radius is chosen by AE energy index through simulation of hydraulic fracturing under different value of lateral pressure coefficients, and effect of gas drainage is great so as to provide guidance for engineering practices.
Theoretical Analysis for Fracture Extension
In seepage fields, the extension of cracks depends on the initiation pressure. The influencing factors include lithology and stress distributions around cracks and the angle between cracks and the maximal unbalanced force. The method of elastic mechanics [8] for calculating initiation pressure is applied in two steps: firstly, it needs to calculate the stress distribution around boreholes; in the second step, cracks gradually extend once the rock failure conditions in fracture mechanics [9] are satisfied, that is, when the stress field around cracks is larger than the strength of rocks. In recent years, with the development of fracture mechanics and damage mechanics [10] , many scholars have theoretically analyzed the fracture initiation from the perspective of fracture damage [11] . (1) According to the maximal principal stress theory, when a material is under the effect of complex stress, yield failure occurs when the maximal principal stress subjected by the specimen is at least equal to the normal yield stress of this specimen in a simple tensile test. (2) Based on the maximal principal strain theory, when the maximal principal strain of a specimen equals the strain corresponding to the yield stress in a simple tensile test, yield failure happens to this specimen. (3) With regard to the maximal shear stress theory, the maximal shear stress imposed on materials is larger than the half of the normal stress they bear. (4) On the basis of total strain energy, when the total strain energy equals that of materials being simply stretched, the materials yield and therefore are fractured. (5) Considering strain energy of distortion, when the distortion energy reaches tensile yield, yield failure occurs to materials. (6) Mohr's stress circle theory developed from the maximal shear stress theory which is applicable to both the extension and the compression of materials can also be employed.
In this study, Mohr's stress circle theory was mainly used to analyze the extension of cracks. The extension of slits is mainly determined by many factors, such as the lithology of rocks, stress around the slits, the angle between the slits and the maximal principal stress along the horizontal direction, and the shape of slits. To investigate the extension rules of slits, it is firstly needed to determine the conditions under which slits extend, that is, the extension criteria of slits. Meanwhile, orthogonal experiment generally needs to be designed through numerical simulation to find the rules. To study the extension rules of cracks, it is supposed to start with the force analysis of cracks which are mainly influenced by the horizontal principal stress and vertical principal stress. As the rules cannot be found by merely considering the horizontal principal stress or vertical principal stress, we can investigate the extension of cracks in terms of lateral pressure coefficients.
By taking the model of the unit cell containing the crack out, it can be found that it is subjected to the stresses from three directions [12] , as shown in Figure 1 . Thereinto, 1 and Generally, these three factors are not equal. Therefore, the lateral pressure coefficient under such condition is [13] [14] [15] [16] 
However, it is generally considered that the two horizontal stresses are equal; that is, 2 = 3 in 2-dimensional models. Under such circumstance, 2D numerical simulation can be carried out by just measuring the confining pressure and the pressure in the vertical direction. The lateral pressure coefficient is simplified as follows:
Cracks are symmetric in the space. On the premise of assuming that 2 = 3 , it is just needed to study the mechanical distribution law of -planes at slits. Aiming at the technological process based on hydrofracturing, preslotting is performed to the regions where the permeability needs to be increased through relieving pressure, followed by the injection of water at a high pressure into these slits. Under the coupling effect of stress and seepage, cracks in fractured rock masses develop in a manner conforming to the evolution process of rocks from initial fractures to wing rupture, as shown in Figure 2 .
Open cracks under the effect of fluid-solid coupled fields are demonstrated in Figure 3 . In this figure, (a) and (b) are the half lengths of the major semiaxis and minor semiaxis of the oval slotted crack, respectively, while shows the angle between the initiation and extension direction of wing cracks and the dip angle of initial cracks. According to the elastic mechanics theory, the stresses and on the main crack surface are expressed by using far field compressive stresses 1 and 3 as follows:
where is the angle between the crack surface and the direction; shows the seepage water pressure acted on the crack surface; and represents the shear stress on the main crack surface, while and denote the normal pressure stress and horizontal pressure stress on the crack surface, separately.
It is well known that Griffith linear cracks conform to the classical sliding crack model. When the slit is a notch with a certain thickness ( ̸ = 0) and the radius of curvature at the crack tip does not always equal 0, ̸ = 0 and I stress intensity factor is supposed to be generated under the effect of this tensile stress. This factor is superposed with the normal pressure stress, thus forming the following stress intensity factor:
When wing cracks just initiate, they are pure II ruptures with the stress intensity factor presented as follows:
where eff represents the equivalent shear stress on the main crack surface and eff = + | |, where denotes the friction coefficient of the crack surface and valued as 0 for open cracks.
In the light of the release rate theory of strain energy, wing cracks are supposed to initiate and extend along the direction of generating the maximal release rate of strain energy. When the release rate of strain energy along this direction reaches the critical value, wing cracks initiate or begin to extend and are expressed by
The initiation angle and loads of wing cracks can be calculated using the following formulas:
By combining formulas (8) and (9), it is known that (Figure 7) 3.1. Numerical Simulation for Crack Extension. Under the condition of invariable stress in direction, considering the initiation angle of coal cracks to have no bias in direction or direction, as illustrated in Figure 3 , taking angle of coal cracks as = 45 ∘ , with lateral pressure coefficients changing into = 3 / 1 according to formula (2), Figure 3 is a model based on numerical simulation of Figure 4 .
Research on the Relationship between Lateral Pressure Coefficients and Extension Angle of Crack
Numerical analysis was carried out on the crack process of a rock mass under different lateral pressure coefficients by using software RFPA2D (realistic failure process analysis in 2 dimensions) in seepage-stress coupling. After the parameters were further determined, the extension of the crack was studied by setting different lateral pressure coefficients under the condition that the vertical pressure was maintained as 13 Mpa. Meanwhile, when studying the influencing factors of lateral pressure coefficients, orthogonal experiments [17] can be conducted with 1 valued as 13 Mpa. Under this condition, we just need to change the values of 3 . The specific settings are demonstrated in Table 2 .
As illustrated in Figure 4 After water was injected at a pressure of 10 Mpa into the crack, the final extensions of the cracks are demonstrated in Figure 5 .
Analysis of the Results Obtained in Crack Extension
Simulation. According to Figure 4 , the extension rules of cracks are obtained: when the horizontal stress in the direction is larger than that in the direction, cracks extend along the direction; if the stress in the direction is at least 1 MPa larger than that in the direction, cracks propagate more obviously along the direction. However, as the horizontal stress in the direction equals that in the direction, cracks extend along the original direction of the cracks, while when the vertical stress in the direction is larger than that in the direction, cracks elongate along the direction. Figure 6 displays the curves concerning the relationship between the lateral pressure coefficient = 3 / 1 and the angle between the crack extension direction and the horizontal direction.
As shown in Figure 6 , with the growth of the lateral pressure coefficient, the angle between the crack extension direction and the horizontal direction declines, while when the horizontal stress is infinitely larger than that in the vertical stress, cracks always propagate along the horizontal direction no matter which direction cracks initiate.
Field Data.
Hydrofracturing, as an example of fluid-solid coupling, has been widely used in crustal stress measurement in deep mines. The crustal stress measurement [12] mainly refers to measuring the fundamental factor causing the deformation and failure of surrounding rocks, that is, the stress of primary rocks nearby strata. Understanding the distribution law of crustal stress is of great significance in guiding the overall layout and supporting design of mines, optimal design of stopes, ensuring safety in construction, and improving production productivity. Crustal stress is mainly generated by the joint effect of gravitational field and tectonic field. Thereinto, the horizontal tectonic stress field exerts the largest influence on the crustal stress.
Based on the significance of crustal stress measurement, hydrofracturing is generally applied in coal mines at present as it omits the process of setting mechanical parameters of lithology and operates simply and conveniently. In addition, it is economic and applicable with a little work amount.
In one mine, as the overlying rock strata are hard and thick with complex structures, hydrofracturing was used. Meanwhile, a borescope and a pressure sensor were used to observe the crack extension angle and read relevant stress, separately. Total 18 measuring points were set at different positions with the buried depth varying from 750 m to 1,300 m to measure the crustal stress.
According to formula (2), the relationship between the lateral stress coefficient and the angle between crack extension direction and the horizontal direction is obtained. By drawing this relationship and comparing it with the curve presented in Figure 5 , Figure 6 can be acquired.
Theoretic Verification.
The relevant parameters were tested based on ground stress, that is, = 10 mm, = 45 ∘ , / = 0.05, and 1 = 13MPa. The comparison between the coupling curves solved using (6), (7), and (10) and the curves for crack propagation tested using ground stress in Section 3.3 are illustrated in Figure 8 . The results obtained in the presence of an allowable error further verified the correctness of simulated outcome in Section 3.1. numerical simulation so as to select the radii for gas extraction in different coal mining faces. Numerical simulation model is shown in Figure 4 . The red circles in Figure 9 represent the energy released in acoustic emission.
Application in Gas Drainage

Hydrofracturing in Gas Drainage
Project. In accordance with Figure 10 , the energy released in acoustic emission under the condition of = 0.88 is more than that released in the direction showing an angle of 45 ∘ ( = 1) with the same operation step. When equals 1.23, the minimal energy is released in acoustic emission along the direction which shows an angle of 60 ∘ between the extension direction of slitinduced fracturing and the horizontal direction.
Under the effect of stress-seepage, since the tensile strength of coal and rock masses is far lower than their compressive strength, coal and rocks are most likely to be destroyed when they are stretched. The prerequisite for crack failure is shown as follows:
where is the tensile strength of the coal and rock mass with unit of MPa and is a negative value. Based on formulas (3), (4), and (11), the minimal pressure for hydrofracturing coal and rock masses is obtained. This indicates that lateral pressure coefficient is of great significance in selecting fracturing modes:
+ , 1 (sin 2 + cos 2 ) + } .
Based on the above conclusion, after water was injected into regions A, B, and C at the same pressure of = 20 MPa for improving the permeability through fracturing, the gas in region A ( = 1.23) was finally extracted in a borehole distance of 1.5 m, while the radii for gas extraction in regions B ( = 1) and C ( = 0.88) were set as 2 m and 3 m, respectively, as illustrated in Figure 11 . After 200 d of gas extraction, the extraction effect in a range of 50 m within the transportation roadway of the working face in number 8 coal seam was verified. The results show that the extraction efficiencies in the three regions were all about 75.1%, showing a favorable extraction effect. In addition, cost was reduced as the construction quantity of boreholes was reduced under the condition of ensuring that all boreholes are applicable to gas extraction. 
Conclusions
(1) It was concluded from the RFPA2D simulation that the angle between the crack extension direction and the horizontal direction is inversely proportional to the lateral pressure coefficients.
(2) To realize the optimal design of coal mines, the conclusion presented in (1) was further validated while measuring the crustal stress and theoretic verification. That is, the applicability of the conclusion in general conditions was verified by investigating a special condition.
(3) Permeability-increasing radius is selected preferably through AE energy index by simulation of hydraulic fracturing for coal seams under different lateral pressure coefficient, and the gas drainage achieves good effect in engineering practice.
